INTRODUCTION
Fatty acid synthetases have been classified into two types [1, 2] . Animals, fungi and mycobacteria possess type 1 systems in which the acyl carrier and seven catalytic activities reside on one or two multifunctional polypeptide chains [3] [4] [5] [6] [7] . Type 2 systems, found in plants and prokaryotes such as Escherichia coli, and cyanobacteria, consist of a distinct acyl-carrier protein (ACP) and separable catalytic activities [8] [9] [10] [11] [12] [13] [14] [15] . In comparison with animal and microbial systems, little is known concerning the enzymes of plant fatty acid synthetase.
In plants fatty acid synthesis de novo takes place in the plastid [16] [17] [18] [19] [20] . Following hydrolysis of the principal products, palmitoyl-and oleoyl-ACPs, fatty acids may be exported from the plastid and elongated and further desaturated in the endoplasmic reticulum [21] .
3-Oxoacyl-ACP reductase catalyses the reduction of 3-oxoacyl-ACP to 3-hydroxy-ACP. Two forms have been reported. An NADPH-linked enzyme (EC 1.1.1.100) has been purified to homogeneity from spinach (Spinacia oleracea) leaf and partially purified from barley (Hordeum vulgare) leaf, safflower (Carthamus tinctorius) seed, Euglena and avocado (Persea americana) mesocarp [10] [11] [12] [13] [14] 22] . In addition, an enzyme which catalyses the NADH-linked reduction of 3-oxoacyl thioesters, whose role in fatty acid synthesis is unclear, has been purified from avocado mesocarp plastids and Euglena [13, 23] .P. S. Sheldon and others was concentrated by acid precipitation (HCl, pH 1.0). It was desalted on a Sephadex G-25 column (20 cm x 1.5 cm) equilibrated in 50 mM-Tris/HCI, pH 8.0, before use. Dithiothreitol was added to a final concentration of 10 mm to 10 mg (1 umol) of ACP in 10 ml of buffer to reduce the pantetheine thiol groups.
The solution was maintained under Nat 30°C for 1 h. Diketene was added to a final concentration of 40 mm (a 2-fold excess over thiol groups), and the solution was maintained at 0°C for 15 min with stirring. The mixture was then desalted using a Sephadex G-25 column (30 cm x 1.5 cm) equilibrated in 50 mM-acetate/NH4+, pH 5 .0. The acetoacetyl-ACP was concentrated before use in kinetic studies by partial freeze-drying.
Enzyme assay
Activity was monitored by measuring the decrease in A340. The standard assay mix (1 ml) contained potassium phosphate, pH 7.0 (final concn. 100 mM), NADPH (100,M), enzyme solution ,ul) and acetoacetyl-N-acetylcysteamine (final concn. 5 mM). With the exception of acetoacetyl-N-acetylcysteamine, the components of the assay were mixed in a 1 ml cell and preincubated for 5-10 min at 30 'C. The reaction was started by the addition of acetoacetyl-N-acetylcysteamine. An absorption coefficient of 6.22 x 103 M-l cm-1 for NADPH was used in calculation of enzyme activities [28] . All rates given have had the blank rate (no thioester present) subtracted from the enzymic rate (all components of assay present). An enzyme unit is defined as the amount of enzyme required to oxidize 1 Procion Red H-E3B-Sepharose chromatography. The preparation was applied to a Procion Red H-E3B-Sepharose column (2.1 cm x 18 cm), previously equilibrated in 25 mM-sodium phosphate (pH 7.4)/0.5 mM-EDTA/ 1 mM-dithiothreitol. The column was washed at a flow rate of 1.2-1.5 ml/min for about 12 h. Activity was eluted with a linear gradient starting with the same buffer and leading to 100 mM-sodium phosphate/2 M-NaCl/ 1 mM-dithiothreitol, over a volume of 200 ml and at a flow rate of about 1 ml/min (Fig. la) . The fractions of higher specific activity were pooled, then concentrated with an Amicon pressure cell with a PM10 membrane.
Gel-filtration chromatography. The next step was gel filtration, using Ultrogel AcA 34 (a 2.1 cm x 90 cm column). The column was equilibrated in 100 mM-sodium phosphate (pH 7.4)/0.5 mM-EDTA/ I mM-dithiothreitol. A flow rate of0.5 ml * min-' was used (Fig. lb) . Hydroxyapatite chromatography. The final step was hydroxyapatite chromatography on a 0.8 cm x 10 cm column. The column was pre-equilibrated in 100 mM-sodium phosphate (pH 7.4)/I mM-dithiothreitol. After sample application the enzyme was eluted with a gradient to 1 M-sodium phosphate (pH 7.4)/I mM-dithiothreitol over a volume of 140 ml (Fig. c) .
Analytical procedures
Protein estimation was carried out either by the dye-binding method [29] or by measurement of A230. The final specific activity was determined from direct amino acid analysis.
SDS/PAGE was carried out using the disGontinuous system of Laemmli [30] . Samples were prepared by dialysis against 20 mM-N-ethylmorpholine acetate, pH 8.0, followed by freeze-drying. Proteins were revealed by staining with Coomassie Blue G250 [31] .
Amino acid analysis was carried out using an LKB 4400 analyser, the manufacturer's recommended procedure being followed. Cysteine residues were determined after performic acid oxidation and quantified by comparison with valine.
H.p.l.c./f.p.l.c. systems and sequential Edman degradation on an Applied Biosystems gas-phase sequencer, model 470, were as described in [32] . Before amino acid sequencing, cysteine residues were reductively alkylated with iodoacetamide [33] . was added and the mixture was stirred at room temperature overnight. A Sephadex G-25 (Fine grade) column (in a Pasteur pipette) was equilibrated in 0.9 % NaCl and the void volume was determined. The keyhole-limpet haemocyanin/glutaraldehyde mixture was run through the column. In order to remove excess unbound glutaraldehyde and maintain a high protein concentration, only the first 100 ,ul to be eluted after the void volume was used, the remaining material being discarded. Avocado 3-oxoacyl-ACP reductase (100 lg), prepared by dialysis into 20 mM-N-ethylmorpholine acetate a-nd freeze-drying, was dissolved in 36 #1 of 1 M-Na2CO3 buffer, pH 9.5. Then 100 ,ul of Sephadex G-25 eluate (containing 1 mg ofkeyhole-limpet haemocyanin) was added and the mixture was stirred overnight at room temperature. Any remaining active groups were blocked by the addition of 1 M-glycine (36,ul) . The mixture was stirred for another 60 min, and divided into three equal portions. They were each made up to 0.75 ml with sterile phosphate-buffered saline (PBS-; 10 mM-sodium phosphate/ 150 mM-NaCl, pH 7.4) before being frozen at -20°C before injection.
Immunization schedule. A rabbit was given four injections of antigen. The first three were of cross-linked keyhole-limpet haemocyanin-3-oxoacyl-ACP reductase; the final booster was with unlinked 3-oxoacyl-ACP reductase (100 ,ug). The procedure was devised such that, on the first three injections, the immunogenicity was raised by linkage of the protein to keyhole-limpet haemocyanin. After a fall in the titre, injection with unlinked antigen should result in a specific increase of the antibodies against the antigen as opposed to its carrier. Immunizations were carried out by subcutaneous injections in the back. In the first week the rabbit was immunized with 33 /tg of cross-linked 3-oxoacyl-ACP reductase in complete adjuvant. At the beginning of weeks 7 and 9 respectively it was given boosters of 33 ,ug of cross-linked 3-oxoacyl-ACP reductase in incomplete adjuvant. At the beginning of week 12 it was given a final booster of 100 ,tg of unlinked 3-oxoacyl-ACP reductase in incomplete adjuvant. Serum was used from week 14.
Western blotting
After electrophoresis on 0.75 mm-thick gels, blotting was carried out as described by Towbin et al. [34] . During the following incubations, carried out successively at room temperature, a rotary shaker was used to agitate the liquid around the nitrocellulose paper: (a) 1 % haemoglobin in TBS [20 mmTris/HCl (pH 7.5)/0.5 M-NaCl] for at least 2 h or overnight; (b) antiserum (0.2 %) in TBSHb (1 % haemoglobin in TBS) for 2 h; (c) two 15 min washes with TBS; (d) 125I-labelled donkey anti-(rabbit Fab region) antiserum (0.2 %) in TBSHb for 1 h; (e) two 30 min washes with TBS. After drying the blot was autoradiographed overnight.
Immunoelectron microscopy Avocado mesocarp tissue was prepared for immunoelectron microscopy as previously described [35] . The rabbit antiserum raised against 3-oxoacyl-ACP reductase was used at 1: 600 (v/v) dilution in PBS/0. 1 % Tween 20, containing 1 % ovalbumin, for 60 min at 37 'C. After a thorough wash with PBS, the sections were incubated with goat-anti-rabbit IgG-colloidal gold (5 nmdiameter particles), diluted 1:200 (v/v) in PBS/i % ovalbumin for 30 min at 37°C.
The preparations were silver-enhanced using Intense II for 3 min at room temperature. All sections were counterstained with aq. 2 % (v/v) uranyl acetate, or uranyl acetate together with lead citrate, before examination. Control experiments included (a) using pre-immune serum and (2) omitting the primary antibody.
Trypsin treatment
Reductively alkylated protein was freeze-dried and dissolved in 200 mM-NH4HCO3 saturated with CaCl2. Tosylphenylalanylchloromethane ('TPCK ')-treated trypsin was added at a proteinase/protein ratio of 1: 100, and the mixture was incubated at 37 'C for 12 h. A further aliquot of proteinase (proteinase/ protein ratio 1:100) was added and the mixture incubated again for 12 h at 37 'C. The digest was injected on to an OD-032 Spheri 5 C18 column (Anachem, Luton, Beds., U.K.), which was eluted with a linear gradient from 0.1 0% (v/v) trifluoroacetic acid in water to 0.1 % (v/v) trifluoroacetic acid/75 % (v/v) acetonitrile in water over 7.5 ml at a flow rate of 100 ,ul/min.
RESULTS

Enzyme stability
A dialysed (NH4)2SO4 fraction was diluted 1:5 into 10 mmpotassium phosphate (pH 7.2) ± 2 M-NaCl and incubated at either 4 or 27 'C for 24 h. The activity was then measured. It was found that incubation in 2 M-NaCl at 27 'C resulted in a 3-fold increase in preservation of activity compared with any of the other conditions. Purification of the enzyme to electrophoretic homogeneity The enzyme was purified by (NH4)2SO4 fractionation, followed by chromatography on Procion Red H-E3B-Sepharose, Ultrogel AcA 34 and hydroxyapatite (Fig. 1) . In order to maintain enzymic activity, the purification was carried out at room temperature using buffer solutions of as high an ionic strength as possible. On SDS/dithiothreitol/PAGE, the purified enzyme migrated as a single component of molecular mass 28 kDa (Fig. 2, lane A) . In the absence of dithiothreitol, a number of additional components, presumably containing either inter-or intra-chain disulphide bonds, were also observed (lane B).
Native molecular mass and subunit structure On f.p.l.c. gel filtration using Superose 12, the enzyme activity was eluted as a single peak at a position corresponding to a molecular mass of approx. 130 kDa.
Total amino acid analysis
The enzyme contains three cysteine residues/28 kDa subunit and apparently does not contain histidine (Table 2) . A comparison with the composition of the spinach leaf enzyme [12] is also shown. There are quite notable differences in the amino acid composition. The avocado enzyme has half the quantity of proline and double the isoleucine content; in addition, it has considerably fewer aromatic residues than the spinach enzyme.
Kinetic characterization
When purified enzyme, dialysed against 50 mM-potassium phosphate/8 mM-Mops, pH 7.0, was diluted 1:10 in the same buffer containing 1 mg of BSA/ml and maintained at 0°C, it lost 740% activity after 12 min. The undiluted enzyme was not significantly inactivated after this time. The inclusion of 500 /LM-NADPH in the dilution buffer gave significant protection (270% loss of activity), suggesting that the binding of NADPH to the enzyme favours a more stable conformation. When the concentration of acetoacetyl-N-acetylcysteamine was maintained at 5 mm and NADPH concentration was varied, it was found that, at low NADPH concentration, the initial rates did no't appear to obey Michaelis-Menten kinetics (Fig. 3a) . This may have been due to the protection against inactivation of the enzyme, on dilution into the assay mix, given by NADPH. This also may be an explanation for the variations previously reported for the Km: 71 4uM for the avocado enzyme [13] , 25 /tM and 15 ItM for the spinach leaf enzyme [11, 12] and 16 /tM for the safflower seed enzyme [10] . No activity was detected when 100 4uM-NADH was used as a cofactor instead of NADPH.
Pseudo single-substrate Michaelis-Menten constants at 100 1M-NADPH were determined for the acetoacetyl thioesters of N-acetylcysteamine, CoA and ACP from E. coli (Figs. 3b, 3c and 3d). In order to obtain measurable rates for the CoA and ACP substrates, the enzyme was diluted respectively 1:10 and 1:20 and incubated for 90 min at 25°C before use. After this Table 3 . Kinetic constants of 3-oxoacyl-ACP reductase
The constants for NADPH were determined with the acetoacetyl-Nacetylcysteamine concentration maintained at 5 mM; for the thioester substrates the NADPH concentration was maintained at 100,UM. time the activity had stabilized, but since inactivation on dilution had occurred, the comparative Vmax (apparent) values are likely to be underestimations. The kinetic data are summarized in Table 3 . The Km value of 7.9 gLM for acetoacetyl-ACP is comparable with previously determined values, which range from 3.7 to 8.8 gM [11] [12] [13] .
The order of specificity towards the three substrates is Nacetylcysteamine < CoA < ACP.
Dependence of activity on pH
The reductase appears to possess a pH optimum around neutrality, which is surprisingly broad for a reaction in which a proton participates (Fig. 4) . The spinach leafenzyme, by contrast, was reported to be more active at low pH [12] . At a pH below 5.0, Vol. 271 NADPH becomes labile, and at high pH values acetoacetyl-Nacetylcysteamine forms an enolate ion (pKa 8.5) [36] .
Effects of phenylglyoxal, iodoacetamide and 1,3-dibromopropanone on 3-oxoacyl-ACP reductase activity In 50 mM-NaHCO3 buffer, pH 8.3, the addition of 10 mmphenylglyoxal causes rapid loss of activity. When the reaction was carried out in the presence of 1 mM-NADPH, loss of activity appears to take place in two phases. About 55 % of enzyme activity is rapidly lost. The remaining activity is somewhat protected, compared with reaction in the absence of NADPH. In NaHCO3 buffer, phenylglyoxal reacts specifically with arginine residues [37] . This confirms previously obtained data on the reaction of the enzyme with butane-2,3-dione, suggesting that the NADPH-binding site contains an arginine residue [13] . It has been reported that the 3-oxoacyl reductase activity of mammalian fatty acid synthetase is able to reduce phenylglyoxal itself [38] . Such an activity could not be detected at pH 7.0 in the avocado enzyme.
After removal of dithiothreitol from the purified enzyme by pressure dialysis, the activity of 3-oxoacyl-ACP reductase was unaffected by incubation in 1 mM-iodoacetamide or 1 mM-1,3-dibromopropanone over a period of 60 min. The enzyme therefore does not appear to possess an active-site thiol group. Subcellular localization of 3-oxoacyl-ACP reductase by immunoelectron microscopy A monospecific antiserum was raised against the purified enzyme which reacts against a single 28 kDa component after blotting against a total extract from a crude plastid fraction (Fig.  5) . The subcellular distribution of the enzyme was determined by immunoelectron microscopy of avocado tissue. The enzyme is found in both chloroplasts and non-photosynthetic plastids (Fig.  6) . As with ACP [35] , the mitochondria are also occasionally labelled.
N-Terminal and internal amino acid sequencing
The sequence of the first 24 residues from the N-terminus is shown in Fig. 7 . The initial yield was about 10 %, suggesting that the N-terminus was partially blocked.
After digestion with trypsin and separation by reverse-phase h.p.l.c. the sequences of two tryptic peptides from avocado 3-oxoacyl-ACP reductase were also determined.
A search using the protein sequence database at Leeds University revealed similarities with cytochrome f from the liverwort Marchantia polymorpha [39] , the putative nodG-gene product from Rhizobium meliloti [40] , gra III open reading frames 5-6 from Streptomyces violaceoruber [41] and act III from Streptomyces coelicolor [42] . The relevant sequences are aligned in Fig. 7 .
DISCUSSION
In the present paper we have described the purification, to electrophoretic homogeneity, of 3-oxoacyl-ACP reductase from avocado mesocarp. The purification method is designed to preserve activity by using buffers of as high an ionic strength as possible, and by being carried out at room temperature. The enzyme shows similarities to the 3-oxoacyl-ACP reductase from E. coli (also a type 11 fatty acid synthetase component), in that they are both inactivated by cold and low ionic strength [43] . Similarly the light-induced Euglena enzyme appears to lose activity after freeze-thawing [22] . More surprisingly the 3-oxoacyl reductase activity of multifunctional chicken liver fatty acid synthetase is also inactivated by'low ionic strength and low temperature [44, 45] .
On SDS/PAGE analysis the enzyme appears as a single polypeptide of molecular mass 28 kDa. Since the native enzyme has an apparent molecular mass of 130 kDa on gel filtration, it would appear to be tetrameric.
The enzyme has a marked preference for use of its physiological substrate, acetoacetyl-ACP, over the model substrates acetoacetyl-N-acetylcysteamine and acetoacetyl-CoA, indicating that it is an authentic component of fatty acid synthetase. The enzyme is rapidly inactivated by phenylglyoxal, confirming earlier reports of the presence of an active-site arginine residue. In the presence of NADPH, about 55 % activity is rapidly lost, but the remaining activity is somewhat protected. This appears to indicate 'halfthe-sites' reactivity characteristic of many oxidoreductases. The avocado enzyme activity is not affected by thiol reagents, unlike the spinach leaf enzyme [12] .
Immunoelectron microscopy indicates that the enzyme is located predominantly inside the plastids of mesocarp tissue. This confirms the conclusion of Weaire & Kekwick [19] , which was based on their results from the fractionation of homogenates of avocado mesocarp tissue. It has been observed in other plant tissues that fatty acid synthesis de novo and ACP are exclusively localized inside the plastid [16] [17] [18] [19] [20] 33] . Part ofthe N-terminal sequence shows similarity to cytochrome f [39] . The similarity may reflect a functional domain common to both proteins.
Internal amino-acid-sequence information has been obtained by sequencing of two tryptic peptides. These both show strong similarity to sequences present in the putative nodG-gene product, a 26 kDa polypeptide from Rhizobium meliloti [40] and to the gra III-and act III-gene products from Streptomyces spp. [41, 42] . It is noteworthy that the nodE-and nodF-gene products, which may be part of the same operon, show similarity to condensing enzyme and ACP [46, 47] , other components of fatty acid synthetase. It therefore appears that these genes, which may determine host specificity, encode enzymes catalysing a similar pathway to that of fatty acid synthesis. Recently the structure of a root-hair-deformation factor has been isolated and shown to be a sulphated N-acyl-tri-N-acetyl-,f1,4-D-glucosamine tetrasaccharide. The acyl group was identified as hexadecadi-2,9-enoic acid [48] .
